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METHOD FOR OPERATING AN INTERNAL COMBUSTION ENGINE 
Field of the Invention 

The present invention relates to a method for operating an 
internal combustion engine, and relates more particularly to a 
5 method in which, the quantity of fuel supplied into the fuel 
collection line is adjusted by a valve device . 

Background Information 

10 A method for adjusting the quantity of fuel supplied into a 
fuel collection line of a fuel -supply system for an internal 
combustion engine having direct fuel injection is described in 
published German patent document DE 195 39 885. Via a fuel 
line, a first, electrically-driven fuel pump supplies fuel 

15 from a fuel storage reservoir to a second high-pressure fuel 
pump, which is mechanically driven by the internal combustion 
engine. This second fuel pump in turn supplies the fuel to a 
plurality of fuel injectors via a fuel -collect ion line (rail) . 
These fuel injectors inject the fuel directly into assigned 

20 combustion chambers. 

The high-pressure fuel pump is mechanically coupled to a 
driven shaft of the internal combustion engine, which means 
the operating speed of the high-pressure fuel pump is 
25 proportional to the rotational speed of the driven shaft of 
the internal combustion engine, which rotational speed may 
differ considerably. The driven shaft may be a crankshaft or 
a camshaft of the internal combustion engine. 
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In order to be able to adjust the fuel quantity conveyed by 
the second fuel pump into the fuel collection line 
independently of the rotational speed of the internal 
conibustion engine, an electromagnetic quantity-control valve 
5 is provided. Using the quantity control valve, a discharge 
side of the second fuel pump can be connected to a 
low-pressure side of the second fuel pump, in one switching 
position of the quantity control valve. In another switching 
position of the quantity-control valve, the connection between 
10 the discharge side and the low-pressure side is interrupted, 
in which case the second fuel pump pumps the fuel from its 
high-pressure side to the low-pressure side, i.e., no delivery 
into the fuel -collection line takes place. 

15 Published German patent document DE 197 31 102 describes 
opening a switching valve, which is arranged in a similar 
manner as the previously mentioned quantity-control valve 
described in published German patent document DE 195 3 9 885, 
during overrun operation of the internal combustion engine. 

20 Thus, the high-pressure fuel pump does not supply fuel during 
overrun operation of the internal combustion engine. 

Summary 

25 An object of the present invention is to provide a method in 
which fuel is able to be introduced into the combustion 
chambers of the internal combustion engine with the highest 
possible precision, while simultaneously ensuring a long 
service life and the lowest possible power consumption of the 

3 0 fuel pump- 

In a method according to the present invention, when the fuel 
pump is supplying fuel, the number of supply phases of the 
fuel pump per rotation of the drive shaft (supply rate) is a 
3 5 function of at least one operating parameter of the internal 
combustion engine. 



NY01 666635 v 1 



In accordance with the present invention, a computer program 
for implementing the method described above may be stored on a 
storage medium. In addition, an internal combustion engine 
may be provided with a control and/or a regulating device 
5 which is programmed for implementing the method described 
above . 

In the method according to the present invention, the 
advantages of an operating method in which the fuel pump has 
10 only a low number of supply phases (only one, for example) per 
rotation of the drive shaft, and advantages of an operating 
method in which the fuel pump has a greater number (three, for 
example) of supply phases per rotation of the drive shaft, may 
be simultaneously achieved. 

15 

One advantage of a supply arrangement having a low number of 
supply phases per rotation of the drive shaft is that the 
thermal loading of the fuel pump is low. Since the fuel is 
heated during compression of the fuel in the fuel pump, if the 
20 discharge side of the fuel pump is connected to the 

low-pressure region relatively seldomly, only a comparatively 
small quantity of this heated fuel is returned to the 
low-pressure region, so that the fuel pump heats up less 
overall . 

25 

Furthermore, a low number of supply phases per rotation of the 
drive shaft results in lower energy consumption of the fuel 
pump, since its dead volume must be compressed less often. 
Given a lower number of supply phases, it is also possible to 
30 supply a larger maximum quantity per rotation of the drive 

shaft. This is due to the fact that the number of opening and 
closing phases of the valve device and compression phases is 
lower overall, thus leaving more time for the actual supply. 

35 On the other hand, a higher number of supply phases of the 

fuel pump per rotation of the drive shaft has the advantage of 
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providing uniformity of the supply-pressure characteristic. 
Consequently, fewer fluctuations occur in the fuel pressure in 
the fuel -collection line, thereby improving the precision in 
the metering of fuel into the combustion chambers. Due to the 
5 uniformity of the pressure profile in the fuel -collection 

line, the corresponding components are also subjected to less 
stress, which has a positive effect on the service life of the 
corresponding components. 

10 In a first embodiment of the method according to the present 
invention, it is provided that the fuel supply rate be a 
function of an operating temperature - of the internal 
combustion engine and/or the fuel quantity to be injected. If 
only a small fuel quantity is to be injected, a low supply 

15 rate may be selected, yielding corresponding advantages- On 
account of the low fuel quantities withdrawn from the 
fuel -collection line, the pressure differentials in the 
fuel -collection line are comparatively small between 
individual injections, so that the corresponding components 

20 are not unduly stressed and the precision in the metering of 
the injected fuel quantity is not affected to any significant 
degree . 

Even at high operating temperatures of the internal combustion 
25 engine, a low fuel supply rate is able to be chosen so as to 
avoid overheating of the fuel pump. On the other hand, at 
normal operating temperatures of the internal combustion 
engine, and/or in the case of large fuel quantities to be 
injected, a comparatively high supply rate will be chosen in 
30 order to derive the corresponding advantages. In implementing 
this method, the advantages of the present invention may be 
obtained by evaluating the operating parameters of the 
internal combustion engine, which parameters are normally 
monitored in the course of engine operation anyway. 

35 

Furthermore, it is provided in accordance with the present 
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invention that an inteirval of a first supply phase of a supply 
having a certain supply rate (supply-rate interval) be 
ascertained from the last supply phase of a preceding 
supply-rate interval and/or a duration of the first supply 
5 phase of a new supply- rate interval prior to the change in the 
supply rate. Pressure overswings during the change from one 
supply rate to another supply rate are avoided in this way. 

In accordance with the method according to the present 
10 invention, the middle of a last supply phase of a particular 
supply- rate interval is spaced apart from the middle of the 
first supply phase of another supply-rate interval by at least 
approximately one waiting angle (W) of a crankshaft of the 
internal combustion engine, which is calculated according to 
15 the following formula: 



W = 720 *( X + Y ) 
( 2 * X * Y ) 

20 

where X = the supply rate prior to switching, and Y = the 
supply rate after switching. 



This avoids a deviation of the actual pressure in the 
25 fuel-collection line from the setpoint pressure in response to 
a change to a larger supply rate. The above-mentioned method 
ensures that, approximately halfway through the first supply 
phase following the change, the actual pressure is roughly at 
the level of the setpoint pressure. 

30 

In accordance with the present invention, it is also proposed 
that a reduction in the supply rate be allowed only if a 
supply phase is permitted at an angular position of the 
crankshaft that corresponds to the instantaneous angular 
35 position plus the waiting angle. This takes into account the 
fact that supply phases will only be permitted at specific 
crank angles of the crankshaft of the internal combustion 
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engine, so as to simplify the control and regulation. For 
example, in a single supply, i.e., when only one supply phase 
occurs per rotation of the drive shaft, a supply is usually 
permitted only at an angle of the crankshaft at which an 
5 injection into the first cylinder of the internal combustion 
engine takes place. 

Brief Description of the Drawings 

10 Figure 1 is a schematic representation of an internal 

combustion engine having direct fuel injection, which engine 
includes a high-pressure fuel pump, a quantity-control valve 
and a fuel-collection line. 

15 Figure 2 is a chart showing the fuel pressure in the 

fuel-collection line, a supply phase of the quantity-control 
valve and injection phases plotted versus various crank angles 
in a first operating state of the internal combustion engine 
shown in Figure 1 . 

20 

Figure 3 is a chart similar to the chart shown in Figure 2, 
for a second operating state of the internal combustion engine 
shown in Figure 1 . 

25 Figure 4. is a chart similar to the chart shown in Figure 2, 

for a third operating state of the internal combustion engine 
shown in Figure 1 • 

Figure 5 is a chart similar to the chart shown in Figure 2, 
3 0 which Figure 5 shows an increase in a supply rate of the fuel 
pump shown in Figure 1 . 

Figure 6 is a chart similar to the chart shown in Figure 2, 
which Figure 6 shows a reduction in the supply rate of the 
3 5 fuel pump shown in Figure 1. 
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Figure 7 is a flowchart illustrating a method by which the 
operation illustrated in Fig. 6 may be implemented. 

Detailed Description 

5 

In Figure 1, a 4 -stroke internal combustion engine, denoted by 
reference numeral 10, powers a motor vehicle, which is not 
shown in Figure 1 . 

10 Part of internal combustion engine 10 is a fuel system 12, 
which includes a fuel tank 14 from which an electrical fuel 
pump 16 supplies fuel. Electrical fuel pump 16 supplies fuel 
to a high-pressure fuel pump 18, which is indicated by a 
dot-dash line. On the intake side of pump 18, a check valve 20 

15 is first arranged, followed by the actual supply unit 22. 

Another check valve 24 is positioned on the discharge side of 
supply unit 22 . In the example shown, high-pressure fuel pump 
18 is a three -cylinder radial -piston pump, of which only the 
components of one cylinder are shown for the sake of 

20 simplicity. 

The fuel quantity supplied by high-pressure fuel pump 18 is 
adjusted by a quantity-control valve 26. This valve is open in 
its neutral position and connects the discharge side of supply 
25 unit 22 to the intake side. In a closed position of the valve, 
this connection is interrupted. The valve positions are 
changed by means of an electromagnet 27. 

High-pressure fuel pump 18 supplies to a fuel -collection line 
30 28, which is also referred to as "rail." Connected to the 
line 28 are a total of six fuel-injection devices 30. 
Fuel -injection devices 30 inject the fuel directly into their 
respective assigned combustion chambers 32. During operation 
of internal combustion engine 10, a crankshaft 34 is made to 
35 rotate. This crankshaft drives a drive shaft 3 6 of supply unit 
22 of high-pressure fuel pump 18 in a manner not shown in more 
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detail in Figure 1. Two crankshaft rotations produce one 
rotation of the drive shaft . 

The angular position of crankshaft 34 is detected by a sensor 
5 38; the temperature of a cylinder head (not shown in detail in 
Figure 1) of internal combustion engine 10 is detected by a 
sensor 40; and the pressure in fuel -collection line 28 is 
detected by a sensor 42. The signals from sensors 38, 40 and 
42 are transmitted to a control and regulating device 44, 
10 which in turn triggers electromagnet 27 of quantity-control 
valve 2 6 and determines a quantity MI of the fuel to be 
injected. The control is implemented according to a method 
that is stored as computer program in a memory 46 of control 
and regulating device 44. 

15 

The quantity of fuel supplied to fuel -collection line 28 by 
high-pressure fuel pump 18 is adjusted with the aid of 
quantity-control valve 26. If quantity-control valve 26 is 
closed, the fuel is supplied to fuel-collection line 28. This 
20 phase is also known as the "supply phase." On the other hand, 
if quantity-control valve 26 is open, no fuel is supplied to 
fuel-collection line 28. Instead, the fuel is returned to the 
intake side, largely without pressure. This phase is also 
called the "deactivation phase." 

25 

In the case of the high-pressure fuel pump 18 shown in Figure 
1, it is possible to provide a plurality of supply phases or 
only a single supply phase for each rotation of drive shaft 36 
of supply unit 22 . This is determined as a function of the 
30 signals from sensors 38, 40 and 42, as well as a function of 
the injection quantity MI. The number of supply phases of 
high-pressure fuel pump 18 per rotation of drive shaft 36 is 
also called "supply rate" or "trigger frequency." 

35 Figure 2 shows a first operating situation of internal 

combustion engine 10. In this case, only one supply phase 48 
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per rotation of drive shaft 36 is provided (the angular data 
represented in Figure 2 and other diagrams relate to the crank 
angle of crankshaft 34; drive shaft 36 of high-pressure pump 
18 rotates at half the rotational speed of crankshaft 34, that 
5 is to say, a crank-angular range of 720^ thus corresponds to 

one rotation of drive shaft 36 of high-pressure fuel pump 18) . 

Supply phase 4 8 in Figure 2 is relatively long and extends 
from a crank angle of approximately 10® to a crank angle of 

10 approximately 240°. The injections by one of the 

fuel-injection devices 30 are denoted by reference numeral 50 
in Figure 2. From the width of injection pulses 50 it can be 
inferred that a rather large fuel quantity MI is to be 
injected. The profile of pressure PR in fuel -collection line 

15 28 is denoted by reference numeral 52. It can be gathered 
that, provided a constant setpoint pressure prevails in 
fuel-collection line 28, and with a supply rate having only 
one supply phase 4 8 per rotation of drive shaft 36, the entire 
fuel quantity MI injected by f uel -inj ect ion devices 30 during 

20 one working cycle must be supplied into fuel-collection line 
28 during that one supply phase 48. 

After supply phase 4 8 has ended, a relatively high fuel 
pressure initially results in fuel -collection line 28, which 

25 then drops considerably, to the output pressure at the 

beginning of supply phase 48, due to injections 50. Given 
large fuel quantities MI to be injected, a supply rate having 
a single supply phase 48 per rotation of drive shaft 36 is 
selected only in those cases, for instance, where sensor 4 0 

30 has detected a relatively high temperature of the cylinder 

head of internal combustion engine 10. The rationale for this 
is explained below in further detail. 

During a compression phase in supply unit 22, the fuel is 
35 compressed in supply unit 22. In a deactivation phase, the 

fuel, heated from the compression, is returned to the intake 
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side and conveyed back to the pump. This heats the fuel even 
further, and high-pressure fuel pump 18 heats up as well. 
High-pressure fuel pump 18 is usually situated in the 
immediate vicinity of the cylinder head. If the cylinder-head 
5 temperature T is relatively high as well, it may easily happen 
that a critical temperature is reached at which high-pressure 
fuel pump 18 may be damaged. 

The supply of warm fuel may also result in an impermissible 
10 temperature increase in fuel -collection line 28, in the 

fuel-injection devices 30 and, finally, in the cylinder head 
as well. This is prevented if a low supply rate having only 
one supply phase 48, and thus only one deactivation phase per 
rotation of drive shaft 38, is selected when cylinder-head 
15 temperatures T are high. 

However, it may also be gathered from Figure 2 that the 
pressure in fuel-collection line 28 fluctuates considerably 
during a working cycle of internal combustion engine 10, so 
20 that different pressures prevail in fuel-collection line 28 
during the individual injections of fuel into combustion 
chambers 32. This reduces the accuracy in the metering of the 
desired fuel quantity into combustion chambers 32. 

25 Figure 3 shows another operating situation of internal 
combustion engine 10. As can be seen from the width of 
injection phases 50, only a relatively small fuel quantity MI 
is injected into combustion chambers 32 in this case. 
Accordingly, the single supply phase 4 8 provided in this 

30 operating situation of internal combustion engine 10 per 

rotation of drive shaft 36 of supply unit 22, supplies only 
relatively little fuel. Supply phase 48 of Figure 3 is thus 
considerably shorter than the supply phase 48 of Figure 2. The 
pressure drop of pressure PR in fuel -collect ion line 28 during 

35 a working cycle, that is, two rotations of crankshaft 34, is 
correspondingly lower, too. 
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As a result, the precision in the metering of the fuel 
quantity into combustion chambers 32 is considerably better in 
the operating situation of Figure 3 than in the operating 
situation of Figure 2 . Regardless of the temperature detected 
5 by sensor 40, a single supply phase 48 per rotation of drive 
shaft 3 6 could thus always be selected in those cases where 
only a relatively small fuel quantity MI is to be injected 
into combustion chambers 32 by fuel -inject ion devices 30. In 
many applications, however, a single supply phase 48 per 
10 rotation of drive shaft 3 6 is used only if overheating of the 
pump and the fuel is sought to be avoided, for instance; the 
supply rate is normally selected such that accurate metering 
is possible across the entire injection range. 

15 Yet another, different operating situation is shown in Figure 
4. In this operating situation, a relatively large fuel 
quantity MI is to be injected by the fuel-injection devices 
into fuel -collection line 28; the cylinder-head temperature T, 
detected by sensor 40, is normal. In this case, a "triple 

2 0 supply" is provided, that is to say, a supply rate in which 

three supply phases 48a, 48b and 48c are provided per rotation 
of drive shaft 36. Supply phases 48a, 48b and 48c are evenly 
spaced within a working cycle of internal combustion engine 
10. It can be seen that pressure PR in fuel -collection line 28 

25 is comparatively stable despite the large injected fuel 
quantity MI . 

Figure 5 shows a situation in which change from a supply rate 
having one supply phase 48 per rotation of drive shaft 36 to a 

30 supply rate having three supply phases 4 8a, 4 8b and 4 8c per 
rotation of drive shaft 3 6 takes place. A total of four 
working cycles, i.e., eight rotations of crankshaft 34 of 
internal combustion engine 10, are plotted. For reasons of 
clarity, only one injection pulse is provided with reference 

35 numeral 50. Injection pulses 50 themselves are only indicated 
by a line, for representational reasons, although in reality 
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they correspond to an approximately acute delta pulse. 

High-pressure fuel pump 18 initially operates at a supply rate 
of one supply phase 48 per rotation of drive shaft 36. 
5 Therefore, pressure PR in fuel-collection line 28 initially 
rises steeply and then drops again with each injection pulse 
50 in a stepped manner. 

Given a crank angle of approximately 450® (dot-dash line 54) , 
10 control and regulating device 44 specifies on the basis of 

signals from sensors 40, 42 and 44 that the supply rate is to 
be increased, to three supply phases 48a, 48b and 48c per 
rotation of drive shaft 36. However, this switch-over command 
54 is not realized immediately, but only executed when the 
15 middle of next supply phase 48 has been reached. This is 
indicated by a dot-dash line 56 in Figure 5. Accordingly, 
added to the instantaneous crank angle is a predefined waiting 
angle W which is determined according to the formula: 

20 W = 720 * ( X + Y ) 

( 2 * X * Y ) 

where X = the supply rate prior to switching, and Y = the 
supply rate after switching. Waiting angle W thus amounts to 

25 480® in the present six-cylinder internal combustion engine. 

First supply phase 4 8a of the supply rate having three supply 
phases 4 8a, 4 8b and 4 8c is now scheduled such that its middle 
lies in a crank angle of 480® following the middle of last 
supply phase 4 8 of the supply rate having only one supply 

3 0 phase. 

Figure 6 shows how a switch is made from a supply rate having 
three supply phases per rotation of drive shaft 3 6 to a supply 
rate having only one supply phase 4 8 per rotation of drive 
35 shaft 36. Injection pulses 50 are additionally denoted by the 
number of the respective cylinder of internal combustion 
engine 10. The injection sequence, or ignition sequence. 
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assumed in the present exemplary embodiment is thus 
1-5-3-6-2-4. In principle, the switching occurs analogously to 
the method elucidated in connection with Figure 5. In 
addition, it is taken into account that a single supply phase 
5 48 per rotation of crankshaft 3 6 is allowed only at such 

angles of crankshaft 34 at which an injection is implemented 
into the cylinder bearing the number 1 by an injection pulse 
50. Injection pulses 50, only one of which is provided with a 
reference numeral for reasons of clarity, are indicated by a 
10 line for representational clarity, although in reality they 
correspond to an approximately acute delta pulse . 

Although a switching request 54 has already been detected 
during last supply phase 4 8c (injection pulse 50 into cylinder 
15 number 2), the actual switching (reference numeral 56) occurs 
only during the second subsequent supply phase 48b of the 
subsequent working cycle (injection pulse 50 into cylinder 
number 3) . 

20 For only then is it ensured that, taking waiting angle W of 

480° crank angle into account, the individual supply phases 48 
of the following, lower supply rate take place at a crank 
angle of crankshaft 34 at which injection occurs into the 
cylinder bearing the number 1. This angular position of 

25 individual supply phases 48 is required for control -technology 
reasons . 

Figure 7 shows a flowchart of a method by which the switching 
shown in Figure 6 may be implemented. Following a start block 

30 58, it is first queried in a block 60 whether a change in the 
supply rate is desired. If the answer is "yes" in block 60 
(this corresponds to the switching command denoted by 54 in 
Figure 6) , it is checked in block 62 whether a single supply 
phase is allowed at an angular position of crankshaft 34 that 

35 corresponds to the instantaneous angular position plus waiting 
angle W. Only when it is possible to answer "yes" to the query 
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in block 62, does a switch occur in block 56 from the higher 
to the lower supply rate (this corresponds to dot -dash line 56 
in Figure 6) . Since greater fluctuations in the fuel pressure 
in fuel-collection line 28 must now be expected, a controller 
by which the instantaneous fuel pressure in fuel-collection 
line 28 is corrected to a setpoint fuel pressure is set back 
in block 66. The actual regulation takes place in block 68. 
The method ends in block 70. 



NY01 666635 v 1 



14 



